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In Adolescent Idiopathic Scoliosis (AIS), numerical models can enhance orthopaedic or surgical
treatments and provide reliable insights into the mechanism of progression. Computational methodsKeywords:
Scoliosis
Cortical bone
Geometrical properties
Ribs90/$ - see front matter http://
rg/10.1016/.jbiomech.2012.07.002
esponding author. Tel.: þ33 491 266 177; fax
ail address: martine.pithioux@univ-amu.fr (Ma b s t r a c t
require knowledge of relevant parameters, such as the specific geometrical or material properties of the
AIS rib, about which there is currently a lack of information. The aim of our study was to determine the
geometrical and material properties (Young’s modulus [E] and Poisson’s ratio [n]) for AIS rib bones.
Twelve ribs extracted during gibbectomy on 15 and 17 year old girls were tested using computed
tomography (CT) scanner, histology and ultrasonic scanner. The mean porosity (7 standard deviation
(SD)) is 1.35 (70.52)% and the mean (7SD) bone mineral density is 2188 (719) mmHA/cc. The
cortical part of the AIS rib hump is found to be thicker than physiological values in the literature. To
mimic the rib hump for an AIS girl, our results suggest that ribs should be modeled as hollow circular
cylinders with a 10.40 (71.02) mm external radius and 7.56 mm (70.75) internal radius, and material
properties with a mean E of 14.9 GPa (72.6) and a mean n of 0.26 (70.08).1. Introduction
Adolescent Idiopathic Scoliosis (AIS) is a common deformity of
the spine inducing skeletal and geometrical modifications
(Panagitis et al., 2000). To understand the etiopathogeny and to
optimize treatment, computational models are used (Stokes and
Laible, 1990; Clin et al., 2010; Berteau et al., 2011), but require
relevant geometrical and material properties. Currently, these are
taken from non-scoliotic adults (Descrimes et al., 1995) although
AIS is a pediatric pathology leading to geometrical modifications
and an overall reduction of bone mineral density (BMD) (Cheng
et al., 2000; Lee et al., 2005; Szalay et al., 2008).
While the impact of AIS on vertebra geometrical modifications
and mineral distribution has frequently been investigated (Stokes
and Aronsson, 2001; Perie et al., 2001; Adam and Askin, 2008), there
is a lack of references concerning scoliotic rib hump characteristics.
In this study, geometrical properties and BMD were obtained by
computed tomography (CT) scanner, porosity and bone organization
by histology, and material properties (E, Young’s modulus; n,
Poisson’s ratio) by ultrasonic (US) measurements.: þ33 491 411 691.
. Pithioux).2. Materials and methods
2.1. Samples
Using a Marseille hospital population (Table 1), we studied AIS ribs (patho-
logical flat bone) from two Caucasian 15 and 17-year-old girls (right single
thoracic curve, Cobb angle higher than 401). Gibbectomy was done after more
than 3 years of orthopaedic brace wearing. A total of 12 ribs (six from each
patient), designated as F-age-R-ribNumber, were extracted from the proximal
level (Fig. 1) and stored at 20 1C.
2.2. Geometrical properties
Each extracted rib was scanned entirely and separately with a clinical scanner
(Siemens AG, Erlangen, Germany; scans were 0.6 mm apart with a square pixel
resolution of 0.6 mm) (CT-Scan1 in Fig. 2). For each of them, the threshold value to
separate out the cortical and the trabecular bone was obtained by comparing only
the first CT-Scan slide with the first histological slide (c.f. Section 2.3). A custom
software code (developed with MATLAB, The MathWorks, Natick, USA) provided
cortical thickness (four locations: superior (SUP), inferior (INF), anterior (ANT),
posterior (POST), Fig. 2), cortical area (CA) and total area (TA). Knowing these
areas, each rib is consequently considered as a hollow circular cylinder which
leads to a mean cortical thickness (Table 2) based on the difference in its external
and internal radii.
2.3. Histological properties
As abnormal cortical porosity may play a role in US measurements (Grondin
et al., 2012), an optical microscope was used to calculate cortical bone porosity
(PoCB) from digitized images (Z1 Zeiss, Germany, 12 MHz–36 bit; ImageJ http://
J.-P. Berteau et al. / Journal of Biomechanics 45 (2012) 2467–2471rsb.info.nih.gov/ij). Samples were embedded via standard process (Chavassieux
et al., 1997), to obtain 8 mm thick sections stained with Golden trichrome and the
complete process of binarization, thresholding and pore circling was performed
twice to assess reproducibility.Table 1
Exclusion criterion list for the studied population.
Criterion Exclusion
Ethnos African, Hispanic, Asiatic
Sex Genetic disorder
Clinical pathology Metabolic disease, renal dysfunction, diabetes,
asthma
Chronic or frequent use of
medicine
Corticoid, inhaled steroid antiepileptic drug,
growth hormones
Beddriden Bed rest time before surgery
Puberty Unascertainable
Calcium daily amount Less than 1000 mg or special diet
Fig. 1. Rib hump in posterior anterior view (PA) and 12 ribs (R4–R9) extracted
during gibbectomy, six from each patient (15-year-old girl (F15) and 17-year-old
girl (F17).
Fig. 2. Two Siemens computed tomography CT-Scan evaluations. CT-Scan1 on e
parallelepipedic samples to determine BMD.2.4. Material properties
After a second cutting in each extracted rib, smaller parallelepipedic samples
(15–35 mm long, 10–20 mm wide, 2–3.5 mm thick) were obtained when possible
(F15: 2 samples available in R4, 2 in R5, 2 in R6, 0 in R7-R8-R9 and F17: 0 in R4,
2 in R5, 1 in R6, 4 in R7, 2 in R8, 0 in R9). A second CT-Scan (CT-Scan2 in Fig. 2)
provided Hounsfield units (HU). The CT-Scan2 calibration performed by Mimics
software (Materialise NV) using different concentrations of hydroxyapatite (200,
800, 1000, 1250, and 1750 mgHA/cc), converted HU into BMD (mgHA/cc) through
BMD¼ 0:8565 HUþ224:23, R2 ¼ 0:991 ð1Þ
US measurements were performed in a water tank, previously vacuum-
degassed, on the same samples. Two focused broadband transducers at 7 MHz
(5 mm diameter, focal length 30 mm ; Imasonic, Besanc-on, France) operated
through each sample in transmit-receiver mode on a mechanical support allowing
translations in 3D. For each sample, longitudinal (LV) and transversal (TV) velocity
were obtained as done by Pithioux et al. (2002). Using the Archimedes principle, a
micrometric balance (610 GX0.001G voyager) measured bone mass density, r
(each parameter was assessed by performing tests in triplicate). E and n in the
transversal direction (Ashman et al., 1984; Pithioux et al., 2002; Dong and Guo,
2004) were provided through the following equations:
E¼ r TV
2
 ð3LV24TV2Þ
ðLV2TV2Þ
ð2Þ
n¼ LV
2
2TV2
LV2TV2
ð3Þ3. Results
All results are presented as mean value (7standard deviation
(7SD)).
3.1. Geometrical properties
After CT-Scan1, 10 sets of scans were suitable for geometrical
analysis and according to the rib length, they were composed of
56–136 scans (sets from each R9 were excluded because of too
few useful scans (under 10)). The threshold value to extract the
cortical part of the rib was roughly 60% of the maximum grey
level of the CT-Scan1 image. The minimum CA (105.92
(711.83) mm2, F17R8) and maximum (214.73 (747.30) mm2,ach extracted rib to determine geometrical properties; CT-Scan2 on smaller
Table 2
Cortical (CA) and total area (TA), ratio between CA and TA, global cortical thickness (lines 28–33) (cortical thickness), superior (SUP), inferior (INF), anterior (ANT), posterior
(POST) cortical thickness and the length measured for each scoliotic rib. For each parameter a mean value (7SD) is given for each teenager followed by a mean of these
mean values (7SD) (lines 30–36).
CA (mm2) TA (mm2) Ratio CA/TA Cortical
thickness (mm)
Superior [SUP]
(mm)
Inferior [INF]
(mm)
Anterior [ANT]
(mm)
Posterior [POST]
(mm)
Length (mm)
F15R4 214:73(747:30) 425:12(754:03) 0:50(70:04) 3:43(70:58) 3:00(70:81) 4:75(72:49) 3:32(70:66) 3:79(71:06) 78.0
F15R5 207:80(738:89) 439:00(754:76) 0:47(70:03) 3:23(70:45) 3:15(70:86) 4:45(71:68) 3:03(70:67) 3:04(71:06) 81.6
F15R6 184:71(712:74) 384:29(729:72) 0:48(70:02) 3:09(70:14) 2:15(70:59) 3:05(71:59) 4:13(70:71) 2:60(70:60) 61.2
F15R7 184:10(710:39) 419:90(703:45) 0:44(70:02) 2:90(70:18) 2:94(70:88) 3:45(71:73) 2:72(70:47) 3:80(71:04) 36.0
F15R8 41:56(704:68) 312:00(713:23) 0:50(70:04) 2:60(70:13) 3:90(72:58) 2:62(70:60) 2:46(70:48) 3:30(70:57) 33.6
Mean 186:58(725:61) 396:06(745:74) 0:47(70:02) 3:05(70:28) 3:02(70:56) 3:66(70:81) 3:13(70:57) 3:30(70:45) 58:08(722:62)
F17R4 155:10(739:74) 309:50(739:74) 0:50(70:04) 2:90(70:51) 3:09(71:00) 4:74(72:45) 3:36(70:70) 3:73(71:10) 79.8
F17R5 153:27(738:35) 323:70(738:35) 0:47(70:03) 2:77(70:37) 3:32(71:05) 4:55(71:72) 3:10(70:87) 3:02(70:64) 81.6
F17R6 140:84(722:91) 290:28(722:91) 0:49(70:02) 2:72(70:11) 3:04(70:59) 3:82(71:58) 4:10(70:76) 2:66(70:79) 61.8
F17R7 138:38(703:94) 312:79(703:94) 0:44(70:01) 2:53(70:10) 2:92(70:89) 3:42(71:69) 2:74(70:46) 3:71(71:08) 36.0
F17R8 105:92(711:83) 223:84(711:83) 0:47(70:04) 2:32(70:17) 3:90(72:58) 2:62(70:60) 2:46(70:48) 3:30(70:57) 33.6
Mean 138:70(717:66) 292:02(735:75) 0:47(70:02) 2:64(70:20) 3:25(70:34) 4:55(70:98) 3:15(70:56) 3:28(70:41) 58:56(720:23)
Mean of
means
162:64(732:51) 344:04(766:26) 0:47(70:02) 2:85(70:32) 3:14(71:13) 4:11(70:44) 3:14(70:10) 3:29(70:11) 58:32(70:34)
Fig. 3. Grayscale image of 8 mm (thickness) histological slide (5 ) of scoliotic rib
(F15R2). Osteon and Harversian canal can be distinguished on the zoom part. Such
histological images were used to determine porosity.
J.-P. Berteau et al. / Journal of Biomechanics 45 (2012) 2467–2471F15R4) differ by roughly 50%. Within a rib, the area values are in a
similar range (Table 2). The ratio (CA/TA) yields a mean value of
0.47 (70.02). If the rib is considered as a hollow circular cylinder,
the area values lead to a mean cortical thickness of 2.85
(70.02) mm, to a mean external radius of 10.40 (71.02) mm
and to a mean internal radius of 7.56 (70.75) mm. The cortical
thickness measurements for the four specific locations and their
mean values are presented in Table 2, the mean of means is 3.42
(70.40) mm. Due to variations along the rib the maximum
thickness related to F17R4 is: 4.74 (72.45) mm and to F15R4
is: 4.75 (72.49) mm, the minimum thickness related to F17R8 is:
2.32 (70.17) mm and F15R6 is: 2.15 (70.59) mm. As shown in
Table 2, cortical thicknesses vary as a function of location in the
rib cross section.
3.2. Histological properties
Tissue morphology of AIS rib cortical bone shows the usual
adult cortical bone morphology, which is lamellar with ostenal
organization with micro-pores (Fig. 3). Mean PoCB value is 1.35
(70.52)% and never exceeds 2.18%.
3.3. Material properties
Mean BMD values is 2046 (7168) mgHA/cc for F15 and 2330
(7202) mgHA/cc for F17, the mean of mean values is 2188
(719) mgHA/cc. Mean r is 1.96 (70.73) g/cc for F15 and 2.37
(70.38) g/cc for F17, the mean of mean values is 2.16 (70.20) g/
cc. The LV, TV , E and n values for each rib sample studied here and
their mean value are shown in Table 3.4. Discussion
The 12 ribs from two AIS teenage girls show a porosity lower
than 2.18% and a mean BMD of 2188 (719) mgHA/cc. The mean
cortical layer is 2.85 (70.32) mm thick with a mean E of 14.9
(72.6) GPa and a mean n of 0.26 (70.08).
Li et al. (2010) showed that a computational model including
variable cortical rib thickness induces better mechanical behavior
than a constant thickness model. The values obtained vary along
the rib extracted (Table 2) with a maximum standard deviation
(SD) of 50% (F15R4) and a minimum of 20% (F15R7). Mohr et al.
(2007), studying whole physiological ribs, found a maximum of
83% (R4: 0.6 (70.5) mm) and a minimum of 28% (R6 and R7: 1.4(70.4) mm). Even though our extracted ribs are shorter than a
whole rib, the highest SD found here for AIS ribs is in the average
range of SD found for physiological bone.
The AIS brace worn by the two patients is known to apply a
mean force of 40 N on the rib hump (Petit et al., 1998). In vivo,
DeSouza et al. (2005) and El Haj et al. (1990) pointed out the key
role of mechanical stimulation in healing, remodeling and regen-
eration of bone. Knowing the physiological values for the rib
cortical thickness at the proximal level of the whole ribs
(1.25 mm) (Mohr et al., 2007), the brace force could stimulate
the bone modeling process and cause a thicker cortical thickness
in AIS (2.85 (70.02) mm). Furthermore, the mean of means for
the four specific locations is higher than the mean thickness based
on the area radii, it can be explained by the fact that SUP and INF
are anatomic crests locations. To describe the geometrical para-
meters of a normal rib at this level, Mohr et al. (2007) used a
‘‘bounding box’’ 11.3 mm high, 6.9 mm wide. As a better descrip-
tion of AIS ribs, we suggest a ‘‘hollow circular’’ cylinder with a
Table 3
Longitudinal (LV) and transversal velocity (TV) obtained from ultrasonic measurements. Young’s modulus (E) and Poisson’s ratio (n)
calculated through Eqs. (2) and (3).  i stands for the number of the parallelepipedic sample extracted from the considered rib.
Rib number Number of samples (N ) LV (m/s) TV (m/s) E (GPa) n
F15R4-1 2 3934 1711 14.7 0.39
F15R4-2 3029 1691 12.1 0.27
F15R5-1 2 2425 1600 10.4 0.15
F15R5-2 3336 1821 16.8 0.28
F15R6-1 2 3501 1753 14.6 0.33
F15R6-2 3530 1766 15.6 0.33
Mean 3292(7413) 1724(775) 14.1(2.3) 0.28(0.08)
F17R5-1 2 3184 1796 15.3 0.27
F17R5-2 2527 1687 10.9 0.10
F17R6-1 1 3511 1863 17.8 0.30
F17R7-1 4 3287 1861 16.2 0.26
F17R7-2 2773 1752 11.7 0.17
F17R7-3 4248 1968 19.4 0.36
F17R7-4 3094 1815 15.5 0.24
F17R8-1 1 3628 1869 17.5 0.32
F17R8-2 3264 1794 14.4 0.29
Mean 3280(7497) 1823(780) 15.4(2.8) 0.27(0.08)
Mean of means 3286(759) 1773(73) 14.7(0.3) 0.27(0.00)
J.-P. Berteau et al. / Journal of Biomechanics 45 (2012) 2467–247110.40 (71.02) mm external radius and a 7.56 (70.75) mm
internal radius, which is still a simplification of the complex
geometrical properties of AIS ribs.
Concerning the microscopic anatomy, PoCB of the rib hump is
lower than 2.18% and osteonal orientation is in the direction of rib
axis. Both are identical to an adult cortical bone (Qiu et al., 2003),
indicating there is no influence of AIS in our samples.
AIS is known to lead to an overall reduction of BMD (Cheng
et al., 2000; Lee et al., 2005; Szalay et al., 2008), however these
clinical studies focus only on the femur. In vitro values obtained
appear high compared to adult values (930–1345 mgHA/cc
Wachter et al., 2002; Boivin and Meunier, 2002) and to children
tibia values (1014 mgHA/cc Binkley et al., 2005). However, we
cannot assert that AIS leads to increase BMD values at the rib
hump level without a control group.
In recent computational AIS models (Clin et al., 2010; Berteau
et al., 2011), ribs are considered as one entity with mechanical
values taken from Descrimes et al. (1995). Far from AIS bone,
these values concern adult vertebro-costal unit (E¼5 GPa and
n¼ 0:05). The material properties found here could increase the
biofidelity of AIS models. However, one limitation of our focussing
solely on the cortical part of the rib hump with an acoustic
method, is that samples were scanned in only one direction
leading to the assumption of isotropic bone. Our results indicate
that LV is in the lower range of normative values for an adult
cortical bone (2700–3800 m/s Yoon and Katz, 1976; 3500–
3900 m/s Bensamoun et al., 2004) and E and n are far removed
from typical material property values.
This is a feasibility study and a greater number of subjects
(samples) would provide a better statistical analysis. Thereby, it
would be possible to provide more relevant parameters (moment
of inertia or changes by anatomical level) and to establish a
valuable law linking E and BMD as already developed for adult
cortical bone (Keyak et al., 1990).
In conclusion, this multi-scale and multi-technique study uses
CT-Scan, histology and US measurements of AIS cortical samples.
It yields original values on AIS ribs with respect to the current
literature and should improve AIS numerical modeling. The
cortical part of the AIS rib hump is revealed to be thicker than
the physiological adult values found in the literature. To mimic
the rib hump of a scoliotic adolescent girl (post peak bone mass),
our results suggest that ribs should be modeled as hollow circular
cylinders with a 10.40 (71.02) mm external radius, a 7.56 mm(70.75) internal radius, and material properties with a mean E of
14.9 GPa and a mean n of 0.26.Conflict of interest statement
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